Correspondence furlong@embl.de
In Brief Schor et al. identify hundreds of new lncRNAs expressed at specific embryonic stages and in mesoderm. Many have very specific spatiotemporal expression. Deletion of 3 lncRNAs are viable with no obvious phenotypes, even when stressed. Many lncRNAs have strain-specific expression, highlighting how sequence variation leads to intergenic transcription.
INTRODUCTION
In addition to protein-coding genes, metazoan genomes contain many transcribed non-coding regions [1] . Among them, long non-coding RNAs (lncRNAs) represent a very heterogeneous group of non-coding transcripts, arbitrarily defined as having a transcript length of >200 bp with little or no evidence for coding potential [2] . Similar to mRNAs, lncRNAs are generally transcribed by RNA polymerase II (Pol II) and can therefore be spliced, capped, and polyadenylated [2, 3] . In comparison to protein-coding genes, genes encoding lncRNAs are more rapidly evolving [4] [5] [6] and tend to have more restricted expression in specific tissues [2, 7, 8] and developmental stages [9, 10] .
Although extensive non-coding transcription of higher eukaryotes genomes is now widely recognized, whether and how most lncRNA molecules function is actively debated. The highly specific spatiotemporal expression patterns of many characterized lncRNAs are suggestive of function [11] , although this could reflect bystander transcription during the regulation of tissuespecific protein-coding genes [12, 13] . Human genome-wide association studies (GWASs) suggest function for some lncRNAs by associating genetic variants disrupting lncRNA genes with specific traits [12, 14] . However, the relatively low stability of many lncRNAs, due to rapid exosome-mediated degradation, represents a strong argument against a possible function for the RNA molecule itself [15] . Although, even without accumulating to high levels, the transcription of some lncRNAs may affect expression of neighboring genes in cis, through mechanisms such as antisense-mediated repression [16, 17] , RNA-mediated enhancement [18] , activation of divergent genes in bidirectional promoters [19] , and genomic imprinting [20] .
Studies of individual lncRNAs identified functional roles in different biological processes, ranging from development and differentiation to cancer and metabolism [21] [22] [23] [24] . Prominent examples of lncRNA involved in development include Xist essential for dosage compensation in mammals [25] and rox1 and rox2 essential for dosage compensation in Drosophila [26] . A largescale effort to assess the function of lncRNA in mice revealed a lethal phenotype for three lncRNAs (out of eighteen deleted) and growth defects for another two [27] , although possible effects of deleting regulatory elements contained within the deleted regions were not excluded [28] . The functional impact of other prominent lncRNAs during embryogenesis, such as the HOX-cluster-associated Hotair [29, 30] , remains controversial [31] and involves considerations such as the absolute expression level of the lncRNA and affected genes in the investigated tissues and the potential influence of genetic background [31, 32] . In Drosophila, although the function of some individual lncRNAs has been described [33] [34] [35] [36] , an integrative experimental approach that allows for the detection of most lncRNAs during specific stages of embryonic development is lacking. Previous genome-wide studies were primarily based on polyA+ RNA data [37] [38] [39] . However, as the efficiency of many RNA processing steps, including splicing and polyadenylation, is generally much lower for lncRNAs compared to mRNAs [15, 40] , a non-polyA-based approach is needed to characterize the full repertoire of lncRNAs.
Here, by deeply sequencing rRNA-depleted total RNA at multiple stages of Drosophila embryogenesis, we roughly doubled the number of lncRNAs expressed at these specific embryonic stages. Our samples spanned stages from blastoderm to mid-embryogenesis, when major cell lineages are specified, and combined whole-embryo and tissue-specific analysis with cellular fractionation to enrich for nuclear transcripts. This complements previous lncRNA studies based on polyA+ RNA spanning stages throughout the entire life cycle [36, 39, 41, 42] . Half of our lncRNA set are differentially expressed across either developmental time or tissues, and 20% are enriched in nuclei. Using CRISPR/Cas9, we genetically deleted selected novel lncRNAs. In all cases, even though the lncRNAs had very specific spatiotemporal expression, they were not essential for embryonic development or viability under both standard and stressed conditions. The deletions had mild effects on gene expression, suggesting that, although not essential, these lncRNAs may play a role in fine-tuning gene expression. We also uncovered strain-specific differences in lncRNA expression, indicating that intra-species genetic variation can result in spurious non-coding transcription.
RESULTS

Identification of New Non-coding Transcripts during Embryonic Development
To obtain a comprehensive view of the transcriptional landscape during early and mid-stages of embryogenesis, we deeply sequenced rRNA-depleted total RNA samples from multiple developmental stages, cellular contexts (fluorescence-activated cell sorting [FACS]-sorted mesodermal cells [Meso] versus whole embryo [WE]), and subcellular compartments (nuclear RNA versus whole cell; Figure 1A ; STAR Methods). The meso-dermal samples were obtained by generating a transgenic Drosophila line with nuclear EGFP specifically expressed in mesoderm (under the control of a twist enhancer) [43] . Live embryos were dissociated into single cells and mesodermal cells isolated using FACS to greater than 95% purity (Meso; STAR Methods). These samples were complemented by stage-matched WE samples. To observe dynamic changes in lncRNA expression during embryogenesis, we sequenced paired Meso-WE samples from three different time intervals (Figure 1A) : 3-4 hr (stages 6 and 7; spanning gastrulation and subsequent proliferation); 4-6 hr (stages 8 and 9; cell proliferation and migration); and 6-8 hr (stages 10 and 11; when there is substantial cell fate specification within the mesoderm and ectoderm). In addition, as we were particularly interested in RNA with a potential function in transcriptional regulation, we prepared RNA sequencing (RNA-seq) libraries from purified nuclear RNA from mesodermal cells at 3-4 hr and 6-8 hr. To more accurately determine the transcription start sites (TSSs) of the detected lncRNAs, we also prepared 5 0 cap-analysis of gene expression (CAGE) libraries from Meso and WE samples at the three selected time points. Altogether, this resulted in 14 conditions (time, tissue, nuclear enrichment, and RNA-seq method), each with biological replicates (with the exception of the CAGE data; Figures 1A, S1A, and S1B; Table S1 ).
To obtain a comprehensive view of new transcripts, we applied a combination of de novo and reference-based transcript assembly (STAR Methods; Figure 1B) , an approach previously shown to give more accurate and complete transcriptome assemblies [44] . Our assembled transcripts were subjected to differential expression analysis across stages and tissue ( Figure S1C ). In contrast to other lncRNA identification efforts [45] [46] [47] , we did not require transcripts to be spliced but rather required a minimum length of 500 nt for monoexonic transcripts (in contrast to the standard 200 nt) and applied a series of strict filters to remove spurious, poorly supported, transcripts ( Figure S2A ; STAR Methods). This resulted in a high-confidence set of 179 novel genes, corresponding to 307 transcripts (Table S2 ). Applying the same filtering procedure to annotated Drosophila lncRNA genes (obtained from samples across many stages of embryogenesis, pupae, and adults) identified 183 genes (281 transcripts) that we consider actively transcribed at these stages of embryogenesis (Table S3 ). We also applied a similar approach to proteincoding genes (PCGs), resulting in a comparable set of transcripts: 8,227 PCGs and 16,658 transcripts that we consider robustly expressed during these stages (Table S4 ) and which (B) Strategy overview of transcriptome assembly, combining ab initio and de novo assembly (STAR Methods). (C) Novel lncRNAs lack coding potential. Boxplot showing CPAT coding potential predictions for our novel lncRNAs, previously annotated lncRNAs (FlyBase 5.55 annotation) and protein-coding genes (PCGs). Red line indicates threshold for coding potential (0.39). (D) Histone modifications and RNA polymerase II (Pol II) presence at transcript start sites. Average chromatin immunoprecipitation sequencing (ChIP-seq) signal is shown for H3K27ac, H3K4me1, H3K4me3, and Pol II in mesoderm from 6-8 hr embryos [43] , for promoter regions of novel and annotated lncRNAs and PCGs. (E) Pie charts showing the genomic distribution of novel and annotated lncRNA genes with respect to PCGs. Genes are assigned to one class following the hierarchy: TSS > TES > exon > intron > promoter > enhancer > intergenic. (F) Polyadenylation status of lncRNAs. Heatmaps show expression levels of novel lncRNAs in total RNA-seq (ribodepleted) and polyA-selected RNA-seq libraries from matched 6-8 hr whole-embryo samples. See also Figures S2 and S3 and Tables S1, S2, S3, and S4. were used for all subsequent analyses. Alignment of the novel transcripts to the latest genome build revealed that 9 of our 179 lncRNA genes ($5%) were included in the most recent annotation (currently containing 2,507 lncRNA genes; see STAR Methods). We have therefore compiled a comprehensive set of 362 lncRNA genes (192 annotated + 170 novel) that are confidently expressed during these stages of embryogenesis, which spans from blastoderm stages through to mid-embryogenesis. Almost half of these are described here for the first time, confirming the discovery value of our data and pipeline.
Characterization of Novel Developmental lncRNAs
We applied three complementary approaches to assess whether the novel transcripts are indeed likely to be non-coding (STAR Methods). First, we used coding potential assessment tool (CPAT) to score for coding potential [48] . Comparing the CPAT score of our novel transcripts to FlyBase annotated lncRNAs and PCGs expressed at the same stages (using the high-confident sets defined above) indicates that our novel transcripts have a very low coding potential, even lower than previously annotated lncRNAs ( Figure 1C ). Only 6 novel genes exceed the threshold of 0.39, calibrated for discriminating coding from non-coding transcripts in D. melanogaster. Second, BLAST we used to determine whether any predicted open reading frame (ORF) could correspond to known proteins or protein domains ( Figure S2B ). Third, we measured signatures of selection within the predicted ORFs across 12 Drosophila species using PhyloCSF [49] ( Figure S2C ). These analyses confirmed that the new transcripts have a coding capability comparable to that of annotated lncRNAs (Figures 1C, S2B, and S2C). To confidently predict individual instances of potentially coding genes, we required at least two of these methods to have values beyond threshold (see STAR Methods). Only 10 novel genes (out of 170) were positive for any two methods, and 3 were positive for all three methods. This is comparable to currently annotated Drosophila lncRNAs, where 8 high-quality (HQ) annotated genes (out of 183) were positive for any two methods and 2 were positive for all three methods. Therefore, the vast majority ($94%) of the newly identified genes likely correspond to novel lncRNAs, although we cannot exclude that some transcripts may encode micropeptides [50] .
We also assessed whether novel lncRNAs might harbor primary microRNAs (miRNAs). Nucleotide BLAST was used to search for matches to known miRNAs, requiring both strands of the miRNA duplex to be on the same strand of the lncRNA gene, separated by a short region. Only two of our novel lncRNA genes show matches to known miRNA. Both occur on the opposite strand (Table S2) , indicating that none of the lncRNA transcripts harbor primary miRNAs. In contrast, we identified nine lncRNAs within the currently annotated lncRNA set that harbor primary miRNAs (Table S3 ).
Using the RNA-seq signal and data from matching 5 0 CAGE libraries ( Figure S2C ), we adjusted the start positions of 71 lncRNA transcripts to match a proximal 5 0 CAGE peak (STAR Methods). These corrections improved the agreement of our annotated TSSs with independent indicators of gene start sites, such as mesoderm-specific accumulation of Pol II and chromatin modifications associated with active promoters [43] , resulting in similar distributions to currently annotated Drosophila lncRNAs ( Figure 1D ). Although the average signal from CAGE and chromatin modifications gives the expected distribution, we observed extensive heterogeneity among individual lncRNA genes, with many, interestingly, lacking promoter-associated CAGE signal and/or histone modifications ( Figure S3 ), a feature also observed in mammals [40] .
Both novel and annotated lncRNAs are dispersed throughout the genome, including intergenic regions (>1 kb from a TSS), TSS or transcript end site (TES) overlapping, intron or exon overlapping, or promoter associated (PA), with respect to neighboring PCGs ( Figure 1E ). Interestingly, we detected a higher fraction of novel lncRNAs in intergenic regions compared to previously annotated lncRNAs ( Figure 1E ; p value = 0.000367; two-sided Fisher exact test), which may reflect a greater sequencing depth, the use of both de novo and reference-based assembly, and/or the ability to detect non-polyadenylated transcripts. To assess what fraction of the novel lncRNAs eluded previous detection due to a lack of polyadenylation, we compared the expression of our novel transcripts between total RNA-seq ribodepleted libraries from whole-embryo 6-8 hr samples to that of poly-A+ libraries generated from the same samples. 35 genes were detected as expressed (>2 reads per kilobase of transcript per million mapped reads [FPKM]) in the total RNA samples, almost half of which have lower expression levels in poly-A+ libraries, with a few being virtually undetectable ( Figure 1F ). This indicates that a large proportion of the novel intergenic lncRNAs is poorly poly-adenylated and is therefore generally not detected in standard polyA+ RNA-seq. This agrees with similar observation in human samples showing that lncRNA genes often show decreased poly-adenylation levels with respect to PCGs [2, 15] .
Patterns of lncRNA Expression during Early Embryonic Development
To explore the general expression properties of embryonic lncRNAs, we combined our newly identified genes with the previously annotated lncRNAs that passed our expression filters, giving a comprehensive set of 362 non-coding genes expressed at these embryonic stages. Most lncRNAs have dynamic expression patterns (Figure 2A ), with 52.2% being differentially expressed in at least one tested biological condition (excluding nuclear enrichment), in addition to 72 lncRNAs being significantly enriched in the nuclear fractions (p < 0.01; Benjamini-Hochberg adjusted p value). The closest PCGs in the vicinity of these nuclear-enriched transcripts are enriched for functions in basic developmental processes, such as segmentation, patterning, organ formation, and regionalization, including many genes involved in the regulation of transcription ( Figure S4 ). Although this is consistent with a possible role of these nuclear transcripts in the cis regulation of early embryonic patterning genes, this may also reflect other phenomena, such as the sharing of regulatory elements acting on these processes.
To more formally assess the dynamic expression of the nonnuclear lncRNAs, we applied two rounds of k-means clustering (STAR Methods). This resulted in five robust clusters, containing 130 of the 362 lncRNA genes, with highly correlated expression during development ( Figure 2B ). Clusters 4 and 5 contain genes with expression enriched in mesoderm; cluster 4 transcripts are expressed at higher levels at the earlier two stages and then decrease, and cluster 5 transcripts increase as embryogenesis Table S5 .
proceeds, being highest in the later time point ( Figure 2B ). Cluster 5 transcripts also increase expression in non-mesoderm tissues at 6-8 hr. Transcripts in these two clusters also differ in their median length, with cluster 5 transcripts being quite long (median of $5.8 kb and some of $30 kb; Figure 2C ) and cluster 4 transcripts being among the shortest (median of $1 kb; Figure 2C ). Non-mesodermal transcripts, i.e., with higher expression in WE samples (clusters 1-3), have very dynamic stage-specific regulation ( Figure 2B ); expression of cluster 1 transcripts peak at 3-4 hr, cluster 2 transcripts peak at 4-6 hr, and cluster 3 transcripts have maximal expression (of the time points examined) at 6-8 hr. Similar to cluster 4, transcripts in clusters 1 and 2 are quite short ( Figure 2C ), mirroring the generally short transcripts observed for essential developmental genes at early stages of embryogenesis [51, 52] We used the function of neighboring PCGs to assess the potential biological function of lncRNA genes within each cluster. After correction for multiple testing, only cluster 1 (very early genes) showed significant gene ontology (GO) term enrichments, which are mainly related to segment specification, suggesting a function in early embryonic patterning ( Figure 2D ). The remaining clusters likely contain genes with diverse function or not functionally associated with their neighboring PCGs ( Figure S5 ).
We next assessed the spatiotemporal expression patterns of over 30 lncRNA genes (Table S5 ) by fluorescent in situ hybridization (FISH). FISH provides unique information about the lncRNAs' spatial and temporal pattern of expression and allows for direct comparison with the spatiotemporal pattern of the neighboring genes. Previous studies identified complex spatiotemporal expression, and heterogeneous sub-cellular distributions, for a number of lncRNA genes in Drosophila embryos [53] . Here, 16 out of the 30 lncRNAs tested gave a specific RNA FISH signal, 8 of which have very specific and restricted patterns of expression (shown in Figures 2, 4 , and S6), although the expression of the remaining 8 was more diffuse or ubiquitous (summarized in Table S5 ). Expression of three lncRNAs (FBgn0266236, FBgn0263595, and XLOC_018482) was detected during early embryogenesis, two of which are within the early cluster 1 (FBgn0263595 and XLOC_018482). These early transcripts show striking segmented patterns, which in two cases partially overlap that of the PCGs' expression in their vicinity ( Figure 2E ): Antp (lncRNA FBgn0266236) and AbdB (FBgn0263595). The expression pattern of FBgn0266236 is similar to that previously described [53] . The third lncRNA (XLOC_018482) has an expression pattern resembling pairrule genes, being detected in seven stripes at the blastoderm stage overlapping the expression of ftz ( Figure 2E ). As the XLOC_018482 gene is located at a genomic position over 20 Mbp away from the ftz locus, its pair-rule expression is not readily explained by the regulation of ftz expression. Late nonmesodermal transcripts (XLOC_012319 and FBgn0263019; the later included in cluster 3) were localized in ectodermal derivatives, such as the CNS, from stages 10 or 11 onward (Figure 2F ). The mesodermally enriched transcript (FBgn0266631) has specific expression in the developing mesoderm at stages 10 or 11 ( Figure 2G ). Taken together, the highly specific spatiotemporal expression patterns of some lncRNA genes is suggestive of a function during embryogenesis, which we directly assess below.
The Relationship between Non-coding Transcription and Surrounding Gene Expression
We next investigated the relationship between lncRNA expression and the expression of their neighboring PCGs during embryogenesis and the plausibility of different mechanisms of cis regulation by sense and antisense lncRNA transcription. Each lncRNA was assigned to its closest neighbor (STAR Methods), forming lncRNA-PCG pairs that were used to evaluate the correlation in expression levels between (1) all lncRNAs and their closest neighbor (''closest neighbor,'' including overlapping genes; 395 pairs), (2) intergenic lncRNAs and their closest neighbor (''closest non-overlapping''; 234 pairs), (3) promoter proximal lncRNAs, not overlapping a PCG TSS (42 pairs), (4) antisense lncRNAs to a PCG exonic region, but not overlapping its TSS (29 pairs), and (5) antisense lncRNAs overlapping a PCG TSS (48 pairs), as depicted in Figure 3A . As a background control, we constructed a set of randomly assigned lncRNA-PCG pairs. We analyzed the distribution of correlation coefficients (considering expression across all samples, excluding the nuclear samples) for the different sets of pairs. Our results show a clear bias toward positive correlations between the expression of lncRNAs and their neighboring PCG when compared to random pairs, when all lncRNA or only intergenic lncRNA are taken into consideration ( Figure 3B , left; Wilcoxon rank test: p = 2.256 3 10 À7 and 6.987 3 10 À7 , respectively). This suggests that, during embryonic development, the co-expression of lncRNA and neighboring PCG in the same tissues and/or stages are favored. Although this general positive association could suggest a role for lncRNAs in positively regulating transcription of their neighboring genes in cis, it is also in agreement with the proposal that close genes are co-regulated due to a shared cis-regulatory landscape [55] . In support of this, PCG-PCG gene pairs also show a positive correlation, both for the categories closest neighbor (Wilcoxon rank test: p = 3.366 3 10 À34 ) and closest non-overlapping (p = 1.778 3 10 À27 ). These results favor the general view of co-regulation of closest genes, similar to a bystander type of regulation.
lncRNA genes overlapping the promoter of their PCG neighbors, in either a sense or anti-sense orientation ( Figure 3A) , are not correlated with their expression ( Figure 3B , right), but rather their distribution of correlation coefficients is close to random pairs (Wilcoxon rank test: p = 0.944). The same trend is observed when considering lncRNAs in close proximity to, but not overlapping, promoters of PCGs ( Figures 3A and 3B ; ''intergenic close to promoters''; p = 0.729). This lack of negative correlation argues against transcriptional silencing mediated by antisense transcription [16, 17] as a widespread mechanism in Drosophila embryonic development, although we note that such effects may be masked in measurements of steady-state RNA levels.
Divergent transcription of lncRNA-PCG pairs is frequent in mammals, and the expression levels of both genes co-vary during embryonic stem cell (ESC) differentiation [56] . In addition, the presence of a divergent lncRNA is often associated with the strong induction of transcription at the main sense promoter [19] . To specifically assess the impact of divergent transcription during Drosophila embryogenesis, we used our mesodermspecific total RNA-seq datasets to limit potential heterogeneous signals coming from many cell types in the embryo. We first analyzed expression around the promoters of PCGs associated Figure 3C ). We performed the analysis at the 3-4 hr time point, but similar results are found at 6-8 hr as the levels of divergent transcription are highly correlated between both time points ( Figure S7A ). This analysis revealed an association between high levels of divergent lncRNA transcription with high levels of sense PCG expression ( Fig Figure 3D ). In agreement with similar findings in mammals [19] , the presence of divergent transcription at 3-4 hr predicted an increase in expression from the 3-4 hr to the 6-8 hr time interval ( Figure S7B ). The PCGs associated with high levels of divergent lncRNA transcription are significantly enriched in functions related to development ( Figure S7C ). Taken together, these results suggest that divergent lncRNA-PCG transcription could be a possible regulator of gene expression levels during embryonic development in Drosophila.
Although bidirectional promoters are generally not as prevalent in Drosophila as mammals [57] , the findings above prompted us to analyze the full extent of divergent transcription during these embryonic stages. To assess this, we considered all PCGs active in a tissue (mesoderm) at a single time interval (3-4 hr), irrespective of whether they have an annotated gene in a divergent configuration. Surprisingly, we detected high levels of antisense divergent transcription at about a third of genes, typically initiating within a 500-bp window upstream the PCG genes' TSS ( Figure 3E ) and expressed at both the 3-4 hr and 6-8 hr time points ( Figure S7D ). In agreement with lncRNA-associated PCGs, the expression level of genes with high levels of divergent transcription is significantly higher compared to genes without divergent transcription ( Figures 3E and 3F ; Wilcoxon test p value < 2.2eÀ16). Consistent with the previous results, the divergent architecture in Drosophila was associated with changes in the PCG's expression during these developmental stages and present at genes with a small but significant enrichment in processes related to development ( Figures S7E and  S7F) . Therefore, the general properties of divergent transcriptional units are not limited to lncRNA-PCG pairs. This suggests either bystander gene expression for lncRNAs divergent to highly expressed PCGs and/or that the presence of divergent transcription enhances transcriptional output [19] . We confirmed the latter experimentally for one developmental lncRNA-PCG transcriptional unit at the Doc1 locus (see below).
Assessing lncRNA Function through Genetic Deletion
To examine the function of lncRNAs in embryonic development, we selected three novel genes for targeted deletion using CRISPR/Cas9 and replaced the target region through homologous recombination with a DsRed selection marker [54] (Figure 4A ; Table S5 ). The genes were selected after carefully screening genomic loci to ensure that a deletion could be made without disrupting characterized PCGs or developmental enhancers (see STAR Methods). XLOC_012319, an $18-kb intergenic lncRNA gene ( Figure 4B ), is expressed at high levels in segmentally repeated neuronal precursors at the ventral midline at stages 9 or 10 and later in a subset of neurons overlapping worniu and prospero expression in the ventral nerve cord and brain ( Figure 4C ). The expression of this lncRNA partially overlaps the expression of sim and is detected in both the nucleus and cytoplasm ( Figure 4C , lower panels). This very specific spatiotemporal expression and accumulation in the nucleus suggest a putative function in regulating the development of the embryonic nervous system. We deleted an $12.5-kb region, corresponding to more than half of the entire lncRNA gene, including its promoter and three DNaseI-hypersensitive sites (DHSs), to ensure that we would abolish its expression ( Figure 4B ). The knockout was confirmed by PCR using genomic DNA (not shown), RNA-seq ( Figure 4B ), and FISH ( Figure 4D ) from homozygous mutant embryos. Despite the gene's striking expression pattern, the lncRNA deletion had no effect on viability under normal laboratory conditions: the progeny of crosses between heterozygous parents followed expected Mendelian proportions, producing homozygous viable and fertile animals ( Table 1) . To assess a potential role of the lncRNA under stressful conditions, we challenged the knockout flies by placing heterozygous parents at 29 C but again failed to see any deviation from the expected proportions of mutant versus wild-type (WT) progeny (Table 1) . Similarly, we placed both heterozygous and homozygous mutant flies separately under an extreme caloric restricted diet, housed in vials with only 1% agarose as their sole source of food, and observed a similar life expectancy of $4 days for both genotypes (not shown). The lncRNA XLOC_012319 therefore appears to be a non-essential gene in terms of viability under laboratory conditions. We also did not observe differences in the development of neurons at these embryonic stages, as judged by immunofluorescence with a neuronal marker (Futsch; Figure 4D ).
The second tested lncRNA gene, XLOC_012225, is located in a divergent orientation from Doc1 (Dorsocross1 [FBgn0028789]; Figure 4E ), which codes for an essential transcription factor involved in amnioserosa differentiation, cardiogenesis, and the development of specific ectoderm derivatives [58] [59] [60] . XLOC_012225 is an intron-containing lncRNA gene with a clear CAGE signal at its TSS ( Figure 4E ). Its divergent localization in proximity to an essential developmental regulator makes it an interesting candidate, given our observed positive correlation between divergent transcription and PCG expression (see Figure 4F ), in a pattern highly similar to Doc1 [59, 60] , indicating that the positive correlation between the two genes reflects their co-expression in the same cells as the same stages of embryogenesis. To obtain a knockout, we deleted a 1.25-kb region encompassing its TSS ( Figure 4E ) but did not remove known enhancers further downstream. As in the previous case, the homozygous deletion removing XLOC_012225 transcription ( Figure 4E ) did not cause any observable effects on viability ( Table 1 ). The spatial expression pattern of Doc1 was also not obviously affected ( Figure 4G ), although we note there may be subtle quantitative changes in the levels of expression that are not detectable by in situ hybridization.
The third lncRNA selected, XLOC_004366 ( Figure 4H ), is expressed in both Meso and WE samples, with high levels of expression at later stages. The gene is located in a heterochromatin-rich region, in a divergent orientation from a PCG (uncharacterized CG12567 gene) about 2 kb away ( Figure 4H ). The lncRNA gene has genomic features of a typical mRNA gene, such as promoter-associated H3K4me3, Pol II, and CAGE peaks. XLOC_004366 is detected at low levels by FISH, with an enrichment in the posterior endoderm primordium (Figure 4I) . As in the two previous cases, the homozygous deletion, although it completely abolished the lncRNA's expression ( Figures 4H and 4J) has no obvious effects on viability under normal and stress conditions ( Table 1) .
All three lncRNAs are therefore non-essential genes, at least regarding viability in laboratory conditions, although they may be required for additional functions that are essential for fitness in the wild. We note that non-essentiality does not necessarily mean non-functionality, because they may act redundantly or have more subtle roles under different conditions [61] . To assess whether these lncRNAs have a molecular phenotype that may not be apparent at the organismal level, we examined genome-wide expression using total RNA-seq from embryos homozygous for the deletion of each lncRNA at 6-8 hr after egg laying (AEL) (spanning stages 10 and 11), together with stagematched embryos from the parental strain, as a control (Figure 5A ). This time point was selected as the three candidate genes are expressed at these stages. Unfortunately, all independent collections sequenced for the XLOC_004366 knockout (KO) line showed expression patterns with systematic biases that prevented the analysis of this deletion. For the remaining two lncRNAs, each deletion was tested against the parental line and the other deletion.
Deletion of both XLOC_012319 and XLOC_012225 caused modest changes in expression of a relatively small number of genes ( Figure 5B ). XLOC_012319 KO significantly affected the expression of 19 genes (adjusted p value < 0.05), which are distributed across the genome and have a median fold change of $2.1. Six of these were overexpressed in the KO line, and the remaining 14 genes showed decreased expression levels. The expression of XLOC_012319 is not restricted to one or two foci per nuclei (typical of nascent RNA at the transcribed locus) but rather accumulates throughout the nucleus ( Figure 4C ), consistent with a trans-acting role. We also noticed that XLOC_012319 is located in a relatively gene-poor region, which is consistent with a lack of a cis-regulatory role. In contrast, XLOC_012225 KO significantly affected 40 genes with a median fold change of $2.2 ( Figure 5B) , with the majority having elevated expression, suggesting a repressive role. This deletion also showed a stronger local effect, including, for example, an $30% reduction in the expression of the divergent Doc1 gene (which was not detected by in situ hybridization) and an increase in expression of 10 other genes in a region of ±500 kb around the deletion by a median of $1.5-fold ( Figure 5C ). This distinction suggests an involvement in trans and cis regulation for the two respective genes, although we cannot exclude mis-expression due to other, possibly secondary, effects.
Genotype-Dependent Changes in lncRNA Expression
As lncRNA expression is commonly tissue specific and rapidly evolving [4] , we next examined lncRNA expression across two different genetic strains. To detect the lncRNAs described above, we used a Drosophila line (twi::EGFP) based on the Oregon R reference strain (Figure 1 ). To assess the impact of strain-specific differences, we compared RNA-seq data from this strain to a second strain (vas::Cas9), which was used for the CRISPR-mediated deletions. We selected genes that are expressed in whole-embryo 6-8 hr Oregon R samples, using a relaxed threshold of 1 FPKM. Surprisingly, many lncRNA genes are expressed at levels below that threshold in the vas::Cas9 genetic background ( Figure 6A Figures 6C-6E , compare pink to black track). We confirmed this strain specificity by qRT-PCR ( Figure 6F ), ruling out detection issues due to technical reasons, such as differences in sequencing depth. To extend this analysis to more genotypes, we analyzed the expression of these three lncRNA in nine inbred lines derived from wild isolates as part of the Drosophila genetic reference panel (DGRP) [62] . Expression of each of these strain-specific lncRNAs was detected in only 1 or 2 out of the 9 lines tested ( Figure 6G) .
These results indicate that a proportion of lncRNAs are very young and not fixed within the population, which suggests that they are non-functional despite their impressive expression. This scenario might be more common when looking at early developmental stages, particularly considering the proposed role of male reproductive organs as a source of novel genes during metazoan evolution [63] .
In keeping with this, our lncRNA genes expressed at early embryonic stages have significantly lower conservation than those expressed constitutively or at later stages (median of phastCons scores 62, 169, and 195 for early, constitutive, and late, respectively; Mann-Whitney's p values of 0.0124 for early versus constitutive and 0.0179 for early versus late; STAR Methods). This trend is also observed if only intergenic transcripts are considered, eliminating possible confounding effects of lncRNA overlap to PCGs. In summary, these results highlight the importance of characterizing new transcripts in different genetic contexts (for example, in different strains or individuals within a population), which can help to identify newly evolving lncRNA genes.
DISCUSSION
Through deep sequencing of total RNA combined with extensive fluorescent in situ hybridization, we identified a comprehensive set of lncRNAs expressed at defined embryonic stages, many of which have specific spatiotemporal expression, in concordance with reports in other contexts [53] . lncRNA transcription is generally correlated with the expression of neighboring PCGs during development. This, in addition to the fact that many lncRNAs recapitulate part of their neighboring gene's expression, suggests that they share chromatin domains or regulatory elements with developmental genes. In some cases, the lncRNA transcripts may even be generated from the regulatory elements, due to enhancer transcription [12, 13] , for example. lncRNAs located in a divergent position from the promoter of expressed PCGs appear to be a more extreme case, where the levels of lncRNA expression scale with the levels of the divergent PCGs. At least for one case (XLOC_012225), we showed that deletion of the lncRNA caused a partial decrease ($30%) in the divergent PCG gene's expression, Doc1 ( Figure 4E ). This may be an example of a lncRNA gene that is currently non-essential but might be in the process of being co-opted for a regulatory function and becoming a stabilized transcriptional unit.
Despite having very interesting and spatially restricted expression, genetic deletion of three lncRNAs showed no obvious developmental defects and no requirement for viability under normal and stressed conditions. This lack of strong phenotypes is consistent with recent findings for new genes in Drosophila [64] , although novel genes and lncRNA genes in particular seem to frequently affect male fertility [36, 64] . It is interesting to note that these findings based on genetic knockout are in apparent contrast to previous reports of widespread effects on viability using RNAi to knock down lncRNA expression [65] . This suggests that the disruption approach may influence the observations, as observed comparing genetic deletions and morpholinos in zebrafish [66] . The lack of phenotypes in our case may also reflect the stages of embryogenesis that we focused on. lncRNA expression appears more pervasive in certain differentiated tissues, such as the male reproductive system [2] and nervous system [67] , and may therefore play a more prominent role during these later stages. This is in keeping with the lower conservation we observed for lncRNAs specifically expressed at early embryonic stages.
Interestingly, our results revealed that a significant number of lncRNAs, often with very robust and complex expression, are only expressed in a strain-specific manner. This implies that these transcriptional units are not stabilized within the population, arguing against an essential function during embryogenesis. Although they represent an interesting class of genes with very recent evolution, they also highlight the need for caution in the interpretation of lncRNA function from expression studies performed in just one genetic background.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fly line for isolation of mesodermal cells via FACS
We used a twi::EGFP-CBP20 line harboring a fusion between the coding sequence of the EGFP and the Drosophila melanogaster Cbp20 (FBgn0022943) gene, under the direct control of an early mesodermal enhancer from the twist gene [43] , in homozygocity on chromosome.
Generation of lncRNA deletion using CRISPR/Cas9
We used a reported homology-directed replacement method [54] , including vectors and protocols, to perform CRISPR/Cas9-assisted deletion of selected regions. We used flyCRISPR Optimal Target Finder (http://flycrispr.molbio.wisc.edu/) to design guide RNAs. Only guides without off targets were selected. Guides were obtained as phosphorylated oligos (from Eurofins), annealed at 95 C for 5 min, then ramped to 25 C at a rate of À0. Region flanking the deleted fragment was amplified by PCR and sequenced for verification.
Strategy for collection of knockout embryos for RNA-Seq
Collections of live knockout embryos carrying deletion for XLOC_004366, XLOC_012225, or XLOC_012319, as well as the control line vas::Cas9 were made at 6-8h after egg laying (AEL). Embryos were collected from heterozygous adult flies containing the lncRNA deletion in trans to a balancer chromosome harboring GFP under the control of an early enhancer. The following genotypes of the heterozygous stocks were used:
XLOC 004366 CyO; twi À Gal4; UAS À GFP ; + + ; + ; XLOC 012225 TM3; Sb; Ser; twi À Gal4; UAS À GFP + ; + ;
XLOC 012319 TM3; Sb; Ser; twi À Gal4; UAS À GFP + ; + ; vasCas9 : GFP TM3; Sb; Ser; twi À Gal4; UAS À GFP
METHOD DETAILS
Sample collection, fluorescence activated cell sorting and RNA isolation
Collections of live twi::EGFP embryos were made at 3-4 hr, 4-6 hr, and 6-8 hr after egg laying (AEL). Embryos were washed with water and dechorionated for 3 min in 50% commercial bleach at room temperature. Subsequently they were washed with water and PBT, dried with blotting paper and weighted. 0.5g of embryos was transferred to a tube containing 4ml freshly prepared icecold Schneider's Drosophila Medium (Termo Fisher Scientific) without serum and with 1 mg/ml Actinomycin D (Sigma). Embryos were gently resuspended by using a P1000 with a cut tip. All subsequent steps were done at 4 C. 500 mL of embryo suspension was added to 6.5ml Schneider's media with Actinomycin D in a 15ml dounce homogenizer (Wheaton Scientific) on ice and dounced with a loose pestle 7 times. Douncing step was repeated in total of 8 times until 0.5g of embryos was processed. Material from two rounds of douncing was combined in one 15 mL tube and centrifuged at 600 rpm for 5 min at 4 C. Supernatant was transferred into a clean tube and centrifuged at 1700 rpm for 10 min at 4 C. Supernatant was discarded, and 250 mL of Schneider's media complemented with 8% fetal bovine serum and 1 mg/ml of Actinomycin D was added to the pellet. All resuspended pellets were combined into a single tube, cells were gently passed through an 18-gauge needle 5 times and sieved through a 40 mm cell strainer (BD Falcon) into a 50ml tube. Approximately 5% of the total sample was transferred into a RNase free microfuge tube and centrifuged at 800xg for 10 min at 4 C. 800 mL TRIzol (Thermo Fisher Scientific) was added to the pellet and saved for RNA isolation as an unsorted sample. The remaining sample was used for fluorescence activated cell sorting (FACS).
Cellular suspensions were run on a MoFLO cell sorter (Beckman Coulter), which was precooled and kept at 4 C during the whole procedure. The sorter was run with a 70 mm nozzle at a rate of 5,000 -10,000 cells per second. A small aliquot was re-sorted to assess purity. Only samples with > 95% GFP+ cells were kept. Sorting was performed by the EMBL Flow Cytometry Core Facility.
Sorted cells were collected in 5ml round bottom polypropylene tubes (Termo Fisher Scientifc, 05-562-10B) in 500 mL Seecof saline (6mM Na 2 HPO 4 , 3.67mM KH 2 PO 4 , 106mM NaCl, 26.8mM KCl, 6.4mM MgCl 2 , 2.25mM CaCl 2 , pH 6.8) supplemented with 0.1U/ml RNase inhibitor (Invitrogen). Sorted cells were aliquoted in low binding RNase free tubes and centrifuged at 800 g 10 min at 4 C. Pellet was resuspended in 200 mL TRIzol LS (Thermo Fisher Scientific) and all aliquots were pooled into a single tube before proceeding with RNA isolation.
RNA isolation was performed according to manufacturer's instructions, including an overnight precipitation step with 1 mL of 10mg/ml glycogen at À80 0 C. RNA was treated with RNase-free DNase I (Roche) in a 50 ml-volume for 30 min and purified a second time with Agencourt RNAclean XP beads (Beckam Coulter) according to manufacturer's instructions. Samples were then resuspended in RNase-free H 2 O (Ambion) and an aliquot saved for integrity analysis (see later).
Homozygous lncRNA mutant embryos were manually isolated on ice in PBT under 20x magnification, based on their absence of GFP. Only embryos at the appropriate stage were collected. After screening, embryos were gently washed and flash frozen in liquid nitrogen. RNA isolation was done as described above.
Assessment of mesodermal enrichment after FACS
We examined sample purity at different levels. First, a small portion of the isolated mesodermal cells was re-sorted to ensure that the percentage of GFP + events in all samples that were used in further RNA-seq library preparation was always > 95%. Mesodermal enrichment was tested at the RNA level by qRT-PCR. We compared relative levels of the mesodermal genes tinman (tin) and twist (twi) to predominately ectodermal gene short gastrulation (sog) in both sorted mesodermal cells and WE samples. On average, we observed 8 to 10-fold enrichment of the relative levels of mesodermal genes in our sorted cells, compared to the WE samples.
Preparation of nuclear extracts from sorted live cells
Sorted cells were centrifuged at 800xg for 10 min at 4 C. Supernatant was removed, and the pellet resuspended and incubated for 3 min on ice in 1ml of buffer A (15mM Tris pH8, 15mM NaCl, 60mM KCl, 1mM EDTA, 0.5mM EGTA, 0.5mM DTT, 0.34M sucrose) with 20 U of SUPERaseIn (Ambion). NP40 was added to a final concentration of 0.025% and samples were incubated for 5 min on ice. The samples were centrifuged at 1000xg for 7 min at 4 C, and the pellet washed once with buffer A. Finally, the pellet was resuspended in 400 mL Trizol and RNA isolated as noted above. Nuclear enrichment was first assessed by western blotting, probing for the enrichment of tubulin and H3 in nuclear and whole cell fractions. In addition, qPCR measuring the relative expression of nuclear genes rox2 and or-aca against the control rpl32 was performed in nuclear, mesodermal and WE fractions. On average we observed a 4-fold enrichment of tested genes in the nuclear fractions compared to mesoderm or WE samples.
Depletion of rRNA for total RNA-seq
To generate rRNA-depleted RNA-seq libraries, 2.5-5 mg of total RNA from sorted cells was reverse-transcribed using a mix of biotinylated antisense oligos [73] with PrimeScript Reverse transcriptase (Takara). The resulting RNA:DNA hybrid was subjected to pulldown using two aliquots of 100 mL strepatavidin magnetic beads (Dynabeads MyOne Streptavidin C1, Invitrogen). rRNA depleted RNA was purified with Agencourt RNAclean XP beads. Reverse transcription and streptavidin pull-down with two 100 mL aliquots of magnetic beads was repeated for the second time. Double rRNA depleted RNA was purified with Agencourt RNA clean XP beads and stored at À80 0 C. For nuclear RNA samples the same procedure was applied, except that only a single rRNA removal was performed on the total RNA obtained (typically $1 mg). Ribodepletion was assessed both by Bioanalyzer analysis and by qPCR.
RNA-seq library preparation and sequencing
The quality of RNA, and the extent of rRNA depletion, were assessed by running total and ribodepleted RNA on a 2100 Bioanalyzer system (Agilent) using the RNA pico kit. 10-30ng of ribodepleted high quality RNA was used for RNA-Seq library preparation with NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB) according to manufacturer's instructions, except that a custom set of Y-shape adapters were used, harboring 6nt-long barcodes for sample multiplexing. PCR was performed with a universal primer pair (PE1.0 and PE2.0 primers from Illumina) for 14-15 cycles.
After library preparation, typically 4 libraries were multiplexed together. Equal molar amounts of each library were added to a single 0.5ml low-binding tube (Eppendorf) and the final volume was subjected to a purification/size-selection procedure using 1.4x AMPure XP beads (Beckam Coulter), to eliminate residual adaptor-dimer. Both individual and pooled libraries were assessed on a 2100 Bioanalyzer system using the DNA HS kit. Two biological replicates for each condition (three for the 6-8h unsorted) were sequenced on either a Illumina HiSeq 2000 or 2500 sequencer, using 100-bp paired-end reads. All sequencing was performed by the EMBL Genomics Core Facility. The number of mapped reads per sample (per replicate), is provided in Table S1 . 5 0 CAGE library preparation We prepared 5 0 CAGE libraries of one sample per condition (but not from the nuclear RNA samples). In order to have extended sequencing depth and to assess technical and biological variability associated with TSS mapping by CAGE, we also prepared four extra libraries from 6-8h mesodermal samples, corresponding to two independent biological replicates, each in two technical replicates. We followed the procedure described in Schor et al. [74] , starting from 2.5 mg total RNA, except from the 3-4h samples where $1 mg was used. Libraries were multiplexed by 4 or 10 samples, amplified for 11-15 cycles and purified as described above. An extra size-selection procedure using 1.4x AMPure XP beads (Beckam Coulter) was used at the end. Pooled libraries were assessed on a 2100 Bioanalyzer system using the DNA HS kit. Libraries were sequenced in either an Illumina HiSeq 2000 or 2500 sequencer, using 50-bp single-end reads. The number of reads per sample (per replicate), is provided in Table S1 .
Double fluorescent in situ hybridization
We analyzed the spatiotemporal expression patterns of selected lncRNA using fluorescent in situ hybridization (FISH) with haptenylated probes. We selected regions common to all transcript of a gene, trying to avoid small repeated regions as described by [75] . To prepare probes specific for lncRNAs, embryonic cDNA was used as a template. Fragments were amplified by PCR using the primer sets reported in Table S6 .
The amplified fragments were cloned into pCRII-TOPO or pGEM-T Easy and used as templates for in vitro transcription, after plasmid linearization with a restriction enzyme with a unique cutting site at the opposite end of the cloned region. For XLOC_012225, both fragments where pooled and use together. Probes for AbdB, Antp, Doc1, ftz, GATAe and sim were prepared from cDNAs on the DGCr1 and 2 collections (http://www.fruitfly.org/DGC/).
Digoxigenin-, biotin-or FITC-labeled RNA probes were prepared using RNA labeling mixture (Roche) and T3, T7 or SP6 RNA polymerase (Roche) according to the manufacturer's instructions. After RNA synthesis, template DNA was degraded using 2 mL of RNase-free DNase I (Roche). Probes were not carbonated. RNA was precipitated at À20 C overnight by adding 1/10 volumes of 3M NaAc pH 5.2, 1/5 volumes of 6M LiCl, 200 mg tRNA as carrier and 5 volumes of absolute ethanol. After washing with 70% ethanol, pellets were resuspended in 100 mL of Hyb-A buffer (50% formamide, 5x SSC, 100 mg/ml salmon sperm, 0.1% Tween-20) by incubation for 10' at 37 C and pipetting.
Fixed dechorionated embryos (20' with 4% formaldehyde, typically stored in methanol or ethanol at À20 C), were transferred to a 1.5-or 2 mL microfuge tube, washed in 1ml PBT (PBS with 0.1% Tween-20) with decreasing proportions of methanol (70%, 50% and 30%) for 5 0 each time at room-temperature, and then twice in PBT alone. Then we performed a post-fixation step for 20' in in 4% formaldehyde in PBT. Immediately after this, embryos are washed 5 times with PBT for 5 0 , and then once in 1:1 PBT/Hyb-B (50% formamide, 5x SSC) and once in Hyb-B. Then the embryos were pre-hybridized in Hyb-A at 65 C for at least 3.5h, before adding the denatured (10' at 80 C followed by incubation on ice) RNA probe (or mix of probes if a double in situ is being performed), diluted 1:50 in Hyb-A solution. We typically pre-incubate in 250-500 mL of Hyb-A, aspirate after the incubation and then add then add the diluted probe in 250 mL of total volume. After incubation overnight at 65 C, embryos were washed 6 times with Hyb-B at the same temperature, the first 3 for 30' and the second 3 for 1h. Then we performed 15' washes at room temperature with increasing proportions of PBT (20%, 50% and 80%) and finally 4 washes with PBT alone.
The probes were sequentially detected with peroxidase-conjugated antibodies (Roche), after pre-blocking 2x for 30' in Westernblot blocking reagent (Roche) diltued 1:5 in PBT and developed using the TSA-plus Tyramide fluorescence system (Perkin Elmer). Incubations with antibody were performed overnight and 4 C and then embryos were washed 6x with PBT for 20' at room temperature before proceeding with the TSA reaction. For each additional antibody incubation (if more than one probe has to be detected), we inactivate the peroxidase from the previous antibody by incubating 5 0 with 10mM HCl + 0.2% Tween-20, washing 2x for 5 0 and then repeating this procedure once more. A second inactivation with 3% H 2 O 2 in water for 1h was applied, followed by 6x 20' washes with PBT.
Futsch protein was detected using the 22C10 monoclonal antibody (DSHB, Antibody Registry ID: AB_528403).
Viability assays for transgenic flies
For viability assays, we used the heterozygous stocks described above for XLOC_004366, XLOC_012225 or XLOC_012319 mutants. To assess mutant viability, before setting up the cross, virgin females were fed with yeast for 24 h. After setting up a cross with heterozygous parents, one set of vials was put at 25 C and another at 29 C. Parents were removed after 24h and the progeny of these crosses developing at different temperatures was analyzed after hatching. For starvation assay, flies aged between 4 to 5 days were anesthetized with CO 2 and placed in plastic vials containing 1% agarose dissolved in water. Vials were kept in an incubator with 12:12 LD light conditions at 25 C and controlled humidity. Flies were checked once per day. The expected Mendelian ratio of progeny genotypes was observed in all cases. In addition, there was no visible increase in the number of unfertilized eggs with respect to a standard cross.
Quantification of lncRNA expression levels by qRT-PCR
For qRT-PCR analysis, we performed RT reactions on 2 mg of the indicated RNA, using the Superscript II enzyme with random hexamers as primers (Thermo Fischer Scientific), and analyzed transcript quantities for each sample against a standard curve made with dilutions of a pool of all samples. rpl32 mRNA, a housekeeping gene, was used to normalize between samples. Three independent collections (biological replicates) were used to compare between twi::EGFP and vas::Cas9 lines. Two independent collections were used when comparing between the DGRP samples, which were described previously [76] . The designed primer sequences for the lncRNA detection are shown in Table S6 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Mapping and assembling pipeline Reads were pre-processed with Trimmomatic version 0.30 (https://github.com/timflutre/trimmomatic) to trim the first nucleotide. Before mapping, FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used to confirm sequence quality. To generate a comprehensive transcriptome assembly out of the six considered conditions (WE 3-4h, WE 4-6h, WE 6-8h, Meso 3-4h, Meso 4-6h, Meso 6-8h) a combination of de novo and reference-based assembly strategies were used. Sample reads were aligned to the Drosophila melanogaster genome dm3 (corresponding to BDGP5) (soft-masked using ENSEMBL release 70) with STAR version 2.3.1z [68] . Reads from biological replicates were aligned together. Reads from nuclear enriched samples of developmental times 3-4h and 6-8h were mapped with Meso 3-4h and Meso 6-8h samples respectively. The mapper was run with options ''-alignIntronMax 100000-alignMatesGapMax 500-outFilterIntronMotifs RemoveNoncanonical-outFilterType BySJout-outSAMunmapped Within.'' The genome was formatted with STAR with option ''-runMode genomeGenerate-sjdbOverhang 100'' and providing the FlyBase version r5.55 annotations. The read alignments were post processed to remove soft clipped bases. Individual reference-based transcript assemblies were generated for each condition with cufflinks [71] version 2.1.1. The FlyBase reference annotations version r5.55 were used to guide the assemblies.
In parallel, Trinity [69] release 2014-07-17 was used to assemble transcript isoforms de novo. Assembled transcripts were projected onto the Drosophila melanogaster genome dm3 with the splice mapper GMAP [70] version 2013-03-31. The resulting cufflinks and GMAP annotations were used as input to cuffmerge v2.1.1 to produce the comprehensive assembly.
Filtering pipeline and differential expression analysis
The comprehensive assembly was filtered to reduce the number of genes to a high quality (HQ) smaller novel set (outlined in Figure S2A ). All genes whose exons overlapped by at least one nucleotide with an annotated protein coding or non-coding exon (FlyBase r5.55) on the same orientation were discarded. To prevent the inclusion of pre-mRNAs, genes with exons fully contained in annotated introns (FlyBase r5.55) in the same orientation were also discarded unless also overlapping an annotated antisense exon.
Three additional filters were applied to the monoexonic transcripts: First, ambiguous unstranded monoexonic transcripts returned by cufflinks were removed. Second, the entire set of monoexonic transcripts was scanned for possible events of DNA contamination. For each sample, and each monoexonic transcript, the ratio of reads mapping to the annotated strand over the total reads mapping to the locus was measured. Monoexonic transcripts were retained if they have a ratio of 0.8 or higher in at least one sample. Third, we applied a strict filter on transcript length; monoexonic transcripts < 500 nt were discarded.
Transcripts mapping to unsorted (U), unsorted extra (Uextra) and mitochondrial genome annotations or shorter than 200nt were discarded. The remaining genes were required to have a minimum expression level of 2 reads per kilobase of transcript per million mapped reads (FPKM) in at least one condition as estimated by cuffquant/cuffnorm [71] version 2.2.1. These transcripts were filtered to remove entries with a high content of repeats or low complexity regions, using repeatMasker soft-masked nucleotides (as in ENSEMBL version 70). Transcripts containing low complexity or repeated regions for more than 90% of their coverage were discarded. This resulted in 689 retained transcripts (from 497 genes).
We further reduced the transcripts by removing redundant transcripts, discarding isoforms differing by just a few nucleotides. For each gene, all pairs of isoforms were compared and measured using the jaccard distance with BEDtools2 (https://github.com/arq5x/ bedtools2) version 2.22.1, as previously described [77] . If a pair of isoforms showed a jaccard distance score above 0,95 then the smallest isoform was removed. The retained transcript set (663 transcripts (from 497 genes) was also scanned to detect potential degradation leftovers of mRNA maturation. For each monoexonic transcript embedded in annotated introns in the same orientation, the expression ratio between nuclear enriched and non-nuclear enriched samples at 3-4h and 6-8h was measured. Transcripts with a log 2 ratio > 1 were discarded. For this analysis the expression was measured as cuffquant/cuffnorm version 2.2.1 FPKMs.
The remaining 532 transcripts (367 genes) were manually inspected to detect possible read-through events, resulting in the removal of 53 genes. To define differentially expressed genes, HTSeq-counts version 0.6.1 and DESeq2 [72] version 1.2.10 were used (results shown in Figure S1 ). Genes were considered differentially expressed and added to the ''main set'' of lncRNAs if they had a Benjamini-Hochberg adjusted P-value < 0.01 in at least one of the following comparisons: The 200 genes (279 transcripts) that failed to show significant differential expression were added to the ''constitutive'' lncRNA group, after passing through two additional filters: First a stringent minimum FPKM filter of higher or equal to 3 reads was applied. Second, we discarded transcripts fully embedded in annotated introns on the same strand. These transcripts remained after the initial intronic transcript filtering as they also overlap a gene in the other strand and were classified therefore as exonic-antisense and not as intronic-sense.
The main set and constitutive lncRNAs were merged to generate a high quality set (HQ) of 179 genes (307 transcripts) ( Figure S2A ), which were used in the remainder of this study.
Comparison with the latest genome annotation
Our study was conducted using BDGP5 coordinates and annotation. A recent update to the Drosophila genome annotation (BDGP6) has greatly increased the number of annotated lncRNA genes by roughly 50% (from 1602 to 2507). We searched our set of new transcripts for significant overlap with this collection of 2507 lncRNA genes in the FlyBase release 6.21. By reciprocal lifting over our novel set to BDGP6 genomic coordinates, and the FB r6.21 lncRNA set to BDGP5 coordinates, we detected only 18 genes where any overlap (> 1 base on the same strand) exists between exonic sequences of both sets. From these 18 genes, only 9 have an annotated model that matches our RNA-seq models, and are therefore currently annotated, for two of which our model potentially indicates new isoforms of these genes (Table S7 ). Therefore, only 5% (9/179) of the lncRNA genes discovered here correspond to currently annotated FB r6.21 transcripts.
5 0 CAGE mapping and support of transcription start sites CAGE reads from the 10 libraries were demultiplexed and trimmed to obtain the 27nt-tags. We also removed the first nucleotide of the tag, which is frequently an extra G added by the reverse transcriptase, as observed before [74] . This resulted in 26nt-long tags, which were mapped against the Drosophila melanogaster genome dm3 with bowtie2 version 2.2.3 with option-very-sensitive. In the analysis shown in Figure S2C , mapped CAGE tags are used to support transcription start sites (TSS) (+/À0.2 Kb) of our HQ lncRNA set, currently annotated lncRNAs and protein coding transcripts. To reduce redundancy, for each gene, we considered non-overlapping TSS (within a window of 50 nt on either strand). Only genes expressed in the same condition as the considered CAGE library were included (cuffnorm gene FPKM > = 1). Plots were generated using computeMatrix version 1.5.9.1 of the deeptools suite (https:// deeptools.readthedocs.io/en/develop/). The counts are normalized by library sizes. The 6-8h curve shows the average support across all the replicated libraries.
Ribodepleted versus Poly-A+ selected libraries:
We compared the expression of our HQ lncRNA transcripts between total ribo-depleted RNA and poly-A+ RNA-seq isolated from the same set of samples from the whole-embryo at 6-8h, therefore allowing direct comparison in matching stages and conditions. Libraries were prepared as described above, except that the double ribodepletion step was replaced by poly-A selection following the instructions from the Ultra Directional RNA Library Prep Kit for Illumina (NEB) .
The average transcript FPKM scores between replicates was used as expression values. To account for developmental time and tissue specificity in this analysis we considered just the HQ transcripts expressed in whole-embryo 6-8h samples with an FPKM of at least 2 in the ribo-depleted samples. The heatmaps in Figure 1F show the log2 transformed FPKM values estimated by cuffquant/ cuffnorm (version 2.2.1) increased by a pseudo-count of 0.1.
lncRNA classification HQ lncRNAs and annotated lncRNA genes were classified with respect to their genome location using the genome annotation (FlyBase version r5.55) ( Figure 3A ) -protein coding genes were considered if expressed in the experimental conditions (resulting from the filtering described in Figure S2A ). The classification is mutually exclusive and based on the overlap between each gene and several features in the following rank: TSS > TES > exon > intron > promoter > enhancer > intergenic.
The promoter was defined as the area 1 kb upstream of an annotated TSS. The enhancer set is a superset containing both characterized embryonic enhancers (from transgenic assays) and putative enhancers from TF occupancy, based on the following data: 1) 8008 cis-regulatory modules (CRMs) defined by ChIP for multiple mesodermal transcription factors [79] ; 2) $4000 Tin bound putative cardiac CRMs [80] ; 3) CRM activity database [43] ; 4) RedFly version 3.3 [81] ; 5) Vienna tiles enhancer dataset (except elements classified as always inactive) [82] .
lncRNA-PCG expression correlation
The two sets of lncRNA (our HQ novel lncRNA set and currently annotated lncRNA transcripts) were merged to generate a comprehensive set of 588 lncRNAs expressed during these embryonic stages. To assigned each lncRNA to a protein coding gene (PCG) in its vicinity ( Figure 3B ), the following six mRNA-lncRNA pair sets were considered:
1 Pairs of lncRNAs and the closest annotated PCG (either overlapping or not). To generate this set, BEDtools2 closest v2. 22.1 was used in combination with the longest isoform for each gene. 2 Pairs of lncRNAs and the closest non-overlapping annotated PCG. To generate this set, BEDtools2 intersect and closest v2.22.1 were used with the longest isoform for each gene. 3 Pairs of lncRNAs overlapping antisense the TSS of annotated PCG, and the corresponding protein coding transcript. This class of lncRNAs is defined following the same classification ranking already described. To remove redundant counting, if there are multiple TSSs embedded in one lncRNA, only the TSS corresponding to the longest mRNA is considered. Similarly if there are multiple lncRNAs embedding a single TSS, then only the longest lncRNA is considered. 4 Pairs of lncRNAs overlapping antisense exons of annotated PCG, and the corresponding protein coding transcript. This class of lncRNAs is defined following the same classification ranking already described. To remove redundant counting, if there are multiple PCG overlapping a single lncRNA, only the longest mRNA is considered. Similarly if there are multiple lncRNAs overlapping the same PCG, then only the longest lncRNA is considered. 5 Pairs of lncRNAs overlapping the promoter of annotated PCG (non protein overlapping) and the closest annotated PCG. This class of lncRNAs is defined following the same classification ranking already described. To remove redundant counting, if there are multiple PCG promoters overlapping a single lncRNA, only the longest mRNA is considered. Similarly if there are multiple lncRNAs overlapping the same PCG promoter, then only the longest lncRNA is considered. 6 Pairs of lncRNAs and randomly assigned annotated PCG. For each gene just the longest isoforms were used. One thousand random sets were generated and concatenated.
For each of these sets, the FPKM Pearson correlation was computed considering the transcript pairs of each set and an array of all experimental conditions (Meso 3-4h, Meso 4-6h, Meso 6-8h, Meso 3-4hNuc, WE 3-4h, WE 4-6h, WE 6-8h), as shown in Figure 3B .
Expression clusters
The merged set of lncRNAs (our HQ set and previously annotated lncRNA) was used to cluster lncRNAs in groups with similar expression properties across these different conditions. For each gene, only the longest isoform was considered. Initially nine k-means FPKM expression clusters were obtained. After filtering to remove outliers by discarding elements with a PCA distance from the cluster centroid above 20, and clusters with just one member, clustering was re-run with five k-means. Following, the clusters were filtered again to remove elements with a PCA distance from the cluster centroid above 1.5, and again clusters with less than two elements were removed. Finally, the expression correlation between each element and the median of the expressions in each condition was measured. Elements that did not show a correlation of > 0.905 were removed. This resulted in 5 robust clusters containing 36% (130 out of 362 genes) of the lncRNA genes ( Figure 2B ).
GO analysis
For each lncRNA group of interest, the set of neighboring genes was extracted (FlyBase version r5.55, see Tables S3, S4 , and S5). The first gene mapping on each side of each lncRNA were considered, including possible antisense overlapping genes. Then the R library GOstats version 2.32.0 was used in combination with Drosophila annotations from the R library org.Dm.eg.db version 3.0.0 to compute the gene ontology (GO) term enrichment, using biological process and function trees. P-values were adjusted using Benjamini-Hochberg multiple testing correction.
Bidirectional transcription from PCG promoters
Considering an area of ± 1Kb around the TSS of PCGs, the divergent transcription from promoters of PCGs was measured using computeMatrix version 1.5.9.1 of the deeptools suite on expression data (mesodermal sorted, time 6-8h, non nuclear-enriched). The left panels of Figure 3C show sense and antisense read counts in bins of 10nt, downstream and upstream the TSS respectively. Each row indicates a promoter, order by the levels of upstream antisense expression. The orientation of first mate reads is reversed. The rightmost boxplot shows the expression difference between divergently transcribed PCGs (''top,'' first one third of the heatmap) and the PCGs with no divergent transcription (''bottom,'' last third of the heatmap).
Differential expression analysis of the KO lines
RNA-seq reads from homozygous mutant embryos were mapped to the reference genome (BDGP5.70) using STAR (v. 2.5.1b) with options ''-alignIntronMax 100000-alignMatesGapMax 500-outFilterIntronMotifs RemoveNoncanonical-outFilterType BySJout-outSAMunmapped Within.'' Re-sequenced samples were merged. Duplicate reads were removed using Picard Tools MarkDuplicates (v. 1.139) followed by filtering with samtools. We then used htseq-count (v. 0.6.1p1) to assign reads to transcripts. To this end we used the merged annotation from Flybase r5.55 and our de novo identified lncRNA after quality filtering steps, as described above.
Differentially expressed genes were identified using DESeq2. The analysis was run testing for differential expression in samples carrying the same deletion versus all the others samples as control (e.g., XLOC_012225 knockout (KO) versus XLOC_012319 KO and the wild-type strain, vas::Cas9 to test for differential expression in XLOC_012225 KO). We reasoned that the loci that were deleted in the CRISPR lines would not dramatically affect the transcriptome while including the information from all the samples would increase statistical power. XLOC_004366 showed systematic biases in the preliminary analysis and therefore was excluded from this general scheme and analyzed individually against vas::Cas9 parental line. P values were adjusted for multiple testing using Benjamini-Hochberg procedure.
Genotype specific variation in lncRNA expression
We tested for robustness of expression of our newly discovered lncRNAs in a different D. melanogaster wild-type strain. LncRNA expression was compared between the Oregon R twi::EGFP-CBP20 line (used for the FACS sorting and lncRNA detection described above) and the vas::Cas9 line (using for CRISPR deletion) at 6 to 8 hours. vas::Cas9 reads were mapped using STAR with the same settings as stated above for the Oregon R based data. Cutfflinks (v2.1.1) was then used on the merged transcriptome annotation (Flybase v5.55 and HQ lncRNA set). We report the mean FPKM expression across all replicates, and compare the overlap of both sets ( Figures 6A and 6B) .
Conservation of lncRNA genes expressed at different stages
We separated the comprehensive set of lncRNA genes (novel + annotated) into three groups, according to their expression at the earliest (3-4h) and the latest (6-8h) time intervals. Those that did not change significantly between 3-4h and 6-8h (Time34_VS_Time68) were classified as ''constitutive.'' From the significantly changing, we used the gene-level expression between WE samples at 3-4h and 6-8h to determine whether they were overexpressed ''early'' or ''late.' ' We computed a conservation score for each transcript in the HQ sets (see Tables S2, S3 , and S4), based on the UCSC phastConsElements15way score, using the following formula:
where i is the overlapping phastCons element, O is the number of overlapping nucleotides, P is the phastConsElements15way score for that element and L is the transcript length.
